The aim of the present study is to investigate gene expression involved in the signal pathway of MAPK and death signal receptor pathway of FAS in leadinduced apoptosis of testicular germ cells. First, cell viabilities were determined by MTT assay. Second, using single cell gel-electrophoresis test (comet assay) and TUNEL staining technique, apoptotic rate and cell apoptosis localization of testicular germ cells were measured in mice treated with 0.15%, 0.3%, and 0.6% lead, respectively. Third, the immunolocalization of K-ras, c-fos, Fas, and active caspase-3 proteins was determined by immunohistochemistry. Finally, changes in the translational levels of K-ras, c-fos, Fas, and active caspase-3 were further detected by western blot analysis. Our results showed that lead could significantly induce testicular germ cell apoptosis in a dose-dependent manner (P < 0.01). The mechanisms were closely related to the increased expressions of K-ras, c-fos, Fas, and active caspase-3 in apoptotic germ cells. In conclusion, K-ras/c-fos and Fas/caspase-3 death signaling receptor pathways were involved in the lead-induced apoptosis of the testicular germ cells in mice.
Introduction
Lead is a naturally occurring, ubiquitous, environmental toxicant, and potentially carcinogenic metal. Although this heavy metal is less widely used today, it remains a significant public health problem. Lead has been widely dispersed in the environment, and it remains in the biotope. People may be exposed to lead via contaminated food or water, and fuel additives [1] . The toxic effects of lead can manifest in various organs, and the male reproductive organ is clearly an important target [2] . Some studies showed that males and females who are exposed to lead contamination could have impaired fertility [3, 4] . Occupational exposure to lead has been associated with impaired semen quality, increased frequency of spontaneous abortion and other adverse outcomes of pregnancies fathered by workers exposed to lead, and possible decreases in fertility rates [5] . Lead exposures also increase testicular lead levels in animal models [6] . Oldereid et al. [7] reported that high lead concentrations are associated with reproductive toxicity in male mice, including testicular tissue disruption, altered spermatogenesis, and increased sperm pathologies. Hsu et al. [8] reported that peritoneal injection of lead acetate could reduce the number of sperm and motile sperm in rat epididymis. Also, a negative correlation existed between the numbers of motile sperm and the reactive oxygen species. Our previous study showed that lead could induce degeneration and atrophy of the testicular cells, denaturation of reproductive cells, the blockade of reproductive process, decrease of sperm number, and sperm malformation through causing testicular membrane lipid peroxidation and DNA damage [9] .
Clinical and animal studies indicated that abnormalities of spermatogenesis were caused by toxic lead exposure, while the pathogenetic mechanisms involved have not been identified. Previous studies have showed that apoptosis of testicular germ cells was a complex process with many genes such as Fas, bc1-2, p53, c-myc, HSP70-2, K-ras, c-fos, and caspase-3 involved [10] [11] [12] [13] [14] . K-ras/c-fos and Fas/caspase-3, the four genes in MAPK and FAS death receptor signaling pathways, have been rarely, by far, reported in the apoptosis of testicular germ cells induced by lead. In this study, the roles of K-ras/c-fos and Fas/caspase-3 in the apoptosis of germ cells and the interrelationship among these pathways are investigated.
Materials and Methods

Animal model
One hundred and twenty male well-being Kunming mice (weighing 26-29 g) were bought from the Animal Breeding House of Tumor Hospital of Heilongjiang Province (Shenyang). Mice were housed under 12-h light/12-h dark, 60 + 5% relative humidity, and 20-258C room temperature conditions and allowed to access lead acetate suspended in deionized water and sterile water ad libitum. These mice were randomly divided into four groups (30 mice each) as follows: 0.15% (1/8 LD 50 ), 0.3% (1/4 LD 50 ), and 0.6% (1/2 LD 50 ) lead exposure groups, and the control group. The volumes of lead acetate suspension consumed were recorded during the experiment. Eight weeks later, a blood sample (2 ml) was collected through enucleation of the eyeball and the mice were executed by cervical dislocation. The sperm count, abnormal sperm rate, and sperm motility capacity in epididymis were calculated and analyzed according to the methods of Sokol [15] and Wadi et al. [16] . The live-sperm rate of around 40-50% was considered as the standard for a successful model of testicle damage.
Cell survival assay
The isolation of germ cell was conducted as described before [17, 18] . Testes were taken out from sterilized mice and velamen was removed. Testis (0.1 g) was then put into 1 ml RPMI 1640 medium (Life Technologies, Grand Island, USA) containing 10% fetal calf serum in Petri dish and sheared into small pieces followed by filtering through 200 mm mesh filters. A total of 6 Â 10 6 cells per well were seeded in a 96-well plate with 100 ml of RPMI 1640 medium. After 4-h incubation at 378C, 20 ml of 5 mg/ml MTT [3-(4,5-dimethyl-2-thiazyl)-2,5-diphenyl-2H-tetrazolium bromide] (St. Louis, USA) was added into each well and the incubation was continued for a further 4 h. Then, 100 ml medium from each well were removed and equal volume of dimethyl sulfoxide was added to dissolve the purple crystal dye. The optical absorbance (OA) was read on a microplate reader at 570 nm. The sample from one mouse was examined in six paralleled wells. The average OA from 10 mice in each group was calculated. The cell survival rate was determined according the formula as follows:
DNA damage detected by the comet assay Single cell gel electrophoresis of germ cell DNA (comet assay) was performed as previously described [19] . The first comet gel was made by pipetting 100 ml of 0.7% normal melting point agarose (Cambrex, Charles City, USA) (458C) on one side of a slide and kept at 48C for 10 min. Then, 10 ml cell suspension (1 Â 10 5 cells/ml) were suspended in 90 ml of 0.8% (w/v) low-melting-point agarose (Type VIIA; Sigma-Aldrich, Poole, UK). The 100 ml mixture was applied to the surface of the first comet gel to form a microgel and allowed to set at 48C for 10 min. Microgels were immersed in cell lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris-HCl, pH 10.0, 1% Triton X-100, 40 mM dithiothreitol) for 1 h at room temperature in the dark. Electrophoresis was performed for 30 min at 25 V, 300 mA in a chamber cooled by ice following gel denaturing with electrophoresis buffer (300 mM NaOH, 1 mM Na 2 EDTA, pH 13) for 30 min. After electrophoresis, gels were rinsed in phosphate buffered saline (PBS) followed by staining with 15 ml of 5 mg/ml ethidium bromide. Quantitative image analysis was performed using fluorescence microscope (Olympus, Tokyo, Japan) with intensified solid state CCD camera and CASP comet assay image analysis software (CASP-1.2.2; University of Wroclaw, Poland). The comet assay was repeated at least twice. A total of 100 cells were randomly analyzed per slide from one mouse. The percentage of tail DNA is the total DNA that migrates from the nucleus into the comet tail. The comet tail length is the maximum distance that damaged DNA migrates from the center of the cell nucleus into the comet tail calculated by CASP-1.2.2 image analysis software.
TUNEL assay
The DNA fragmentation was detected in situ using a terminal transferase-mediated biotinylated deoxyuridine triphosphate (dUTP) nick end labeling (TUNEL) kit (Zhongshan Company, Beijing, China) according to the MAPK and FAS death receptor pathways in testicular germ cell apoptosis manufacturer's instructions [20] . Briefly, mouse testis sections were first dewaxed and dehydrated. Then, sections were covered with 2 ml (1 mg/ml) proteinase K at 378C in a humidity chamber (HC) for 30 min, immersed in 3% H 2 O 2 , and then incubated at 258C in the HC for 15 min. After several washes in PBS, the sections were incubated with 50 ml terminal deoxynucleotidyl transferase (TdT) (1 Â TdT buffer containing 45 ml of 0.125 mg/ml bromodeoxyuridine-triphosphate, 1 ml of 50 mM Biotin-11-dUTP, and 4 ml of 1 U/ml TdT enzyme) at 378C in the HC for 60 min. Following several washes in PBS, the sections were incubated with anti-5-bromodeoxyuridine antibody diluted 1:20 in PBS containing 1% bovine serum albumin at 378C in the HC for 30 min. After carefully removing PBS with blotting paper, the cells, and chromatin preparations were stained with 50 ml diaminobenzidine at 378C in the HC for 10 min. Samples without TdT treatment were used as control. The judgment assay: the apoptotic cell nucleus was stained brown, the cytoplasm was stained deep pink, and the normal cell nucleus and cytoplasm were stained amethyst. Ten high vision fields for each slide were examined. For each vision field, apoptotic cells labeled in pink were counted in 100 cells. Then the apoptotic index (AI) was calculated.
Immunohistochemical examination
Immunohistochemical staining for Fas, K-ras, c-fos, and active caspase-3 was performed using the avidin-biotin-peroxidase complex (ABC) method [21] . Tissues of mouse testis were fixed in 10% formalin and then routinely embedded in paraffin wax. To ensure adhesion, tissue sections (5 mm thick) were collected onto pretreated glass slides and dried. After dewaxing and dehydration, sections were analyzed immunohistochemically. Briefly, sections were immersed in 98% formic acid for 5 min, washed with tap water, and then immersed in 0.2% citrate buffer for 30 min at 1208C. Endogenous peroxidase was blocked using 3% H 2 O 2 in ethanol for 15 min. After rinsing in water and then in PBS buffer, non-specific tissue antigens were blocked in normal horse serum for 60 min. Sections were incubated with rabbit polyclonal antibodies against Fas, K-ras, c-fos (1:100; Santa Cruz, USA), and active caspase-3 (1:100; Sigma-Aldrich) at 48C overnight. Then, sections were incubated with the secondary biotinylated goat anti-rabbit IgG (1:200, Vector Laboratories, Burlingame, USA) at 378C for 20 min. After incubation with horseradish peroxidase-labeled anti-biotin at 378C for 20 min and washing twice in PBS for 3 min each, immunoreactivity was revealed by incubating sections in 0.05% 3.3-diaminobenzidine and 0.01% H 2 O 2 (Boster Biological Technology, Wuhan, China) for 5 min. The sections were counterstained with hematoxylin for 10 s and mounted under coverslips prior to observation using a microscope at different magnifications (objectives 10Â and 25Â). The negative control experiments were carried out by substituting the primary antibody with PBS. All samples were processed under the same conditions. The immunohistochemical staining was analyzed according to the staining intensity by a high-resolution color HPIAS21000 image processing system (Huahai Company, Wuhan, China).
Western blot analysis
Testes of mice were homogenized in ice-cold RIPA lysate buffer (Sigma) containing 1 mM phenylmethylsulfonyl fluoride (Sigma). The homogenate was then centrifuged at 9300 g for 10 min at 48C. The amount of total protein was quantified with a Bradford protein assay kit (Wuhan Boster Biological Technology). The samples containing 40-100 mg protein each were loaded on 10% polyacrylamide gel (SDS-PAGE) for electrophoresis and then transferred onto nitrocellulose membranes at 100 V for 1 h. Membranes were then incubated for 1 h in blocking buffer (5% fat-free dry instant powdered milk, 1 mM Tris-base, 15 mM NaCl, and 0.05% Tween-20) at room temperature with shaking. After two washes in PBST, the membrane was incubated for 1 h at room temperature with rabbit polyclonal antibodies (Sigma) against ras, c-fos, Fas (1:000 in PBST), and active caspase-3 (17 kDa active form). After three washes in PBST, the membranes were incubated for 1 h at room temperature with horseradish peroxidase-conjugated goat anti-rabbit antibody (1:2000 in PBST) (Sigma). After three washes in PBST, bound antibodies were then detected with Supersignal chemiluminescent substrates (Boster Biological Technology). The ratio of targeting protein to b-actin was calculated.
Statistical analysis
Data were analyzed using the SPSS 12.0 software and expressed as mean + SD. One-way analysis of variance (ANOVA) or t-test was used to compare the differences between means. Chi-square test was used to compare the differences between rates. All P-values are two-tailed and P , 0.05 was considered as significant for all statistical analysis in this study.
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Results
Effect of lead on mice testicular germ cells Figure 1 shows that lead has a significantly inhibitory effect on mice testicular germ cells. The cell viabilities are decreased to 83.9 + 3.3%, 55.7 + 2.4%, and 44.0 + 3.0% after exposure to 0.15%, 0.3%, and 0.6% lead, respectively. A significant reduction of cell viability is observed in the 0.3% and 0.6% lead exposure groups compared with the control group (P , 0.01, n ¼ 10).
DNA damage of testicular germ cell induced by lead in the mice Figure 2 shows that DNA damage of testicular germ cells in mice treated with lead for 8 weeks as detected by the comet assay. Large and small round testicular germ cells were observed in the control group [ Fig. 2(A) ]. Figure 2(B) shows DNA damage in the 0.6% lead treatment group. Comet tails were observed in most damaged cells. The proportion of DNA damage has a greatly increasing tendency, from 3.4 + 0.1% in the control group, to 36.2 + 1.0%, 61.3 + 5.5%, and 91.2 + 6.3% in the 0.15%, 0.3%, and 0.6% lead exposure groups (P , 0.01 compared with control, n ¼ 10), respectively [ Fig. 2(C) ], which showed a doseresponse relationship (P , 0.05). Figure 2(D) shows the tail length of the comet. Lead exposure could increase the tail length in a dose-dependent manner. In the control group, the tail length is 26.7 + 0.7 mm, whereas as the dose increased to 0.15%, 0.3%, and 0.6%, the tail length increased to 35.3 + 2.1 mm, 46.2 + 6.1 mm, and 59.0 + 7.8 mm (P , 0.01, n ¼ 10), respectively. Figure 3 showed the results of the TUNEL assay performed on apoptotic germ cells. In the control group, the 
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normal cells were stained amethyst [ Fig. 3(A) ]. The nuclei of apoptotic cells were stained brown and the cytoplasm was stained deep pink (green arrow) in the 0.6% lead exposure group [ Fig. 3(B) ]. Cell spontaneous apoptosis was ,0.6 + 0.1% in the control group. The apoptosis rates were 0.8 + 0.1%, 6.4 + 1.3%, and 9.9 + 2.6% in the 0.15%, 0.3%, and 0.6% lead exposure groups, respectively [ Fig. 3(C) ]. The apoptosis indexes in the 0.3% and 0.6% lead exposure groups were significantly higher than that in the control group (P , 0.01, n ¼ 10). The data showed that lead could induce DNA damage of germ cells. A small amount of cell apoptosis was observed in the cells with severe DNA damage.
Immunolocalization of K-ras/c-fos and Fas/active caspase-3 in lead-induced apoptosis of testicular germ cells
To determine whether the immunolocalization of K-ras/ c-fos and Fas/active caspase-3 in spermatogenic cells is consistent with TUNEL staining, immunohistochemical experiments were carried out [ Fig. 4(A) ]. In the control group, strong immunoreactivity for K-ras was clearly detected (brown) in the cytoplasm of Leydig cells (which could be distinguished by its position in the testis), while the intensive staining of c-fos was observed (brown) in the cytoplasm of a few spermatogonia, spermatocytes, and cytoplasm of Leydig cells. In the 0.6% lead exposure group, intensive staining for K-ras and c-fos were observed in the cytoplasm of Leydig cells, spermatogenic cells, also in spermatocytes, and spermatoblasts. Immunopositive Fas was detected in the membrane of a few spermatogonia, spermatocytes, the cytoplasm of spermatoblasts, and Leydig cells, while active caspase-3 immunostaining was predominant in the membrane and cytoplasm of numerous Leydig cells and in the membrane of a few spermatogonia and spermatocytes in the control group. However, when apoptosis was induced by 0.3% and 0.6% lead acetate, strong immunoreactivity for Fas was detected not only in the cytoplasm of Leydig cells but also in the membrane and cytoplasm of spermatogonia, spermatocytes, and spermatoblasts, while immunoreactivity for active caspase-3 was detected in the membrane and cytoplasm of a few spermatocytes, spermatoblasts, and Sertoli's cell. Figure 4 (B) shows that the immunodensities for K-ras, c-fos, Fas, and active caspase-3 in the 0.3% and 0.6% lead exposure groups were all significantly higher than those in the control group. However, there was no difference in K-ras and active caspase-3 expressions between the 0.15% lead exposure group and the control group (P . 0.05, n ¼ 10). Through comparing immunohistochemical staining with TUNEL staining, the immunolocalizations of K-ras, c-fos, Fas, and active caspase-3 were found overlapped to a great extent with those of TUNEL-stained apoptotic cells. These results suggested that K-ras, c-fos, Fas, and caspase-3 proteins were involved in lead-induced apoptosis.
Upregulation of K-ras and Fas expressions was concomitant with the activation of c-fos and active caspase-3 proteins in lead-induced testicular germ cell apoptosis Figure 5 shows the K-ras, c-fos, Fas, and active caspase-3 protein expressions in testicular germ cells. No significant differences in K-ras, c-fos, and active caspase-3 protein expressions were observed between the 0.15% lead exposure group and the control group (P . 0.05, n ¼ 6). However, there were differences in K-ras, c-fos, Fas, and active caspase-3 between the 0.30% and 0.6% lead exposure groups and the control group (P , 0.01). In the 0.15% exposure group, the Fas protein levels were upregulated, followed by a gradual decrease in the 0.3% and 0.6% exposure groups. These results indicated that, with the increase of lead dosage, the 
Discussion
More and more studies indicated that the decline in human sperm quality was not due to genetic factors, but mainly to environmental factors [22] . Lead, a widely distributed environmental endocrine disruptor, is a kind of reproductive toxin that severely threatens the survival and procreation of humans. At present, researches on lead toxicity have mainly focused on human semen quality, endocrine function, and birth rates, and showed that exposure to concentrations of inorganic lead .40 mg/dl in blood would impair male reproductive function by reducing the sperm count, volume, and density, or changing sperm motility and morphology [22] . In this study, lead acetate was drunk freely in water by mice, which is a common method used by the toxic study of lead in vivo [16] . Our previous studies showed that lead acetate (0.3%-0.6%) can significantly reduce mice sperm count, and change sperm motility [9] . Lead acetate (.0.3%) presents no effects on the body weight and other sex organs of mice; however, treatment with a high dose of lead significantly decreased the weight of epididymis and body weight [9] . The study of cell viabilities showed that lead has a significantly inhibitory effect on mice testicular germ cells. The cell viability rates declined and were 83.9 + 3.3% (0.15% lead), 55.7 + 2.4% (0.3% lead) and 44.0 + 3.0% (0.6% lead), respectively. Therefore, these results indicate that 0.3% lead exposure can significantly inhibit the testicular germ cell growth. The comet assay showed that testicular germ cells have DNA damage after exposure to 0.15%, 0.3%, and 0.6% lead. The DNA damage rates increased and were 36.2 + 1.0% (0.15%), 61.3 + 5.5% (0.3%) and 91.2 + 6.3% (0.6% lead); the tail lengths increased and The protein levels of K-ras, c-fos, Fas, and active caspase-3 in apoptotic germ cells were calculated. Data were represented as the mean SD (n ¼ 10). *P , 0.05, *P , 0.01 compared with the control group. Open box represents K-ras, gray box c-fos, strikethrough box Fas, and filled box caspase-3. Bar ¼ 100 mm.
MAPK and FAS death receptor pathways in testicular germ cell apoptosis were 35.3 + 2.1 mm (0.15%), 46.2 + 6.1 mm (0.3%), and 59.0 + 7.8 mm (0.6% lead), respectively. The TUNEL assay showed that the apoptosis index of testicular germ cells increased and were 0.8 + 0.1% (0.15%), 6.4 + 1.3% (0.3%), and 9.9 + 2.6% (0.6% lead), respectively. The apoptotic cell types included spermatogonia and spermatocytes.
The protooncogenes K-ras and c-fos, commonly expressed in testicular germ cells, were related with cytoplasmic protein kinases and membrane GTP-binding proteins [23] . The K-ras gene is considered to be the most sensitive to mutation. It is involved in the process through which external signals are transmitted into the nucleus via activated membrane receptors. Through the ras-MAPK signaling cascade that involves ras/raf/ MAPKK/MAPK/c-fos transduction, activated extracellular signal-regulated protein kinase will be translocated into the nucleus to activate the transcription of c-fos mRNA, which encodes a protein that was considered as the 'third messenger' in signal transduction [24] . In this study, we found that the expressions of K-ras and c-fos proteins in the lead exposure groups were significantly higher than in the control group. With the increasing concentration of lead, the positive signals for K-ras were shifted from the cytoplasm of Leydig cells to the cytoplasm of spermatogonia, spermatocytes, and spermatoblasts, while c-fos protein was from a few spermatogonia and spermatocytes to spermatoblasts. Therefore, we speculate that the ras/MAPK/c-fos signal transduction pathway plays the key role in lead-induced apoptosis. The mechanism of germ cell apoptosis induced by lead may be associated with the activation of c-fos by K-ras. Upregulation of c-fos can intensify the expression of p53 and enhance the activity of p53, which inhibit the replication and self-repair of damaged DNA, thereby inhibiting germ cell apoptosis. If MAPK signaling was inhibited by lead, testicular germ cell would still undergo apoptosis, since the ras/MAPK/c-fos pathway is not the only access road for all pathways of apoptosis.
The studies herein suggested that the death receptor signaling pathway may be a new mechanism through which lead mediates germ cell apoptosis. Fas, a membrane receptor, is able to transmit a death signal into the cells, and therefore named death receptor [25, 26] . Our results revealed that, with the increase of lead concentration, Fas was expressed not only in the membrane and cytoplasm of spermatogonia but also in the membrane and cytoplasm of spermatocytes and spermatoblasts. Our findings suggest that apoptosis occurred in the cells expressing Fas protein. The results of western blot and immunohistochemistry indicated that in the early stage of lead-induced apoptosis, the expression of Fas was upregulated dramatically in the low-dose exposure group (0.15%), followed by a gradual decline in the mediumand high-dose exposure groups (0.3% and 0.6%, respectively). These results indicated that the Fas gene belongs to an early gene that is involved in inducing cell apoptosis.
Caspases, a family of (ICE)/CED-3 cysteine proteases, are able to promote apoptosis in mammalian cells in a mitochondrion-dependent or mitochondrion-independent fashion [27] . With the increase in the apoptosis index of testicular cells, the expression of active caspase-3 protein was obviously enhanced. In comparison with immunohistochemical (including TUNEL) results, it was found that active caspase-3 protein was stained as dense brown granules. In some cells, the dense brown granules were distributed in a patchy manner in the cytoplasm. Considering that the expression patterns of active MAPK and FAS death receptor pathways in testicular germ cell apoptosis caspase-3 protein overlapped to a great extent with those of TUNEL-stained apoptotic cells, we speculate that caspase-3 activation, following Fas death receptor activation, was involved in the process of lead-induced apoptosis.
In conclusion, this study shows that the ras/MAPK/ c-fos and FAS death receptor signaling pathways may be involved in the process of lead acetate-induced testicular germ cell apoptosis. However, the detailed regulating cascades and other possible signaling pathways remain to be further studied.
